Abstract-High-frame-rate (HFR) ultrasound (US) imaging and contrast-enhanced US (CEUS) are often implemented using multipulse transmissions, to enhance image quality. Multipulse approaches, however, suffer from degradation in the presence of motion, especially when coherent compounding and CEUS are combined. In this paper, we investigate this effect on the intensity of HFR CEUS in deep tissue imaging using simulations and in vivo contrast echocardiography (CE). The simulation results show that the motion artifact is much higher when the flow is in an axial direction than a lateral direction. Using a pulse repetition frequency suitable for cardiac imaging, a motion of 35 cm/s can cause as much as 28.5 dB decrease in image intensity, where compounding can contribute up to 18.7 dB of intensity decrease (11 angles). These motion effects are also demonstrated for in vivo cardiac HFR CE, where the large velocities of both the myocardium and the blood are present. Intensity reductions of 10.4 dB are readily visible in the chamber. Finally, we demonstrate how performing motion-correction before pulse inversion compounding greatly reduces such motion artifact and improve image signal-to-noise ratio and contrast.
Ultrasound (US) imaging with short pulses maximizes image resolution but results in overlapping harmonics, reducing the effectiveness of second-harmonic filtering for tissue/ contrast separation. A solution is given by multipulse methods [3] , like pulse inversion (PI), that transmit several pulses and coherently add the echoes to remove the linear component while keeping even harmonic content. The coherent sum is, however, sensitive to interpulse motion as it shifts each received pulse, reducing the desired phase relationship between the echoes [4] , [5] .
Contrast agents are also starting to be imaged with highframe-rate (HFR) US techniques allowing a frame rate of tens of thousands of images per second and offers exciting opportunities for US imaging [6] . HFR US has been applied to track fast shear waves in soft tissue elastography [7] , [8] , cardiac ultrafast 3-D Doppler imaging [9] , cardiac strain imaging [10] , myocardial perfusion [11] , blood flow velocity mapping [12] , and brain functional imaging [13] .
To compensate for the reduced focusing of the acoustic beam, several transmissions at slightly different directions are used and coherently compounded together [7] , resulting in an enhanced signal-to-noise ratio. While effective, those methods also suffer from degradation in the presence of motion [14] , with artifacts that range from loss of contrastto-resolution reduction. There are existing motion compensation methods based on, tissue or blood Doppler signal, cross-correlation, pixel-tracking applied for the B-mode tissue motion or Doppler imaging [14] [15] [16] . For the B-mode cardiac imaging, motion compensation before compounding has been recently shown in [17] .
The joint use of HFR and CEUS is expected to suffer a reduction of image quality when strong motion is present. A recent study [18] has investigated the impact of out-ofplane motion on HFR amplitude modulation images in vitro with a linear array probe. Nonlinear Doppler techniques have been developed specifically for detecting moving UCAs using interpulse UCA motion during multipulse methods [19] , [20] , while Brock-Fisher et al. [21] reported a method to reduce motion artifact by designing a three-pulse sequence. However, those methods are designed for single steering angles and cannot be directly used for motion-correction (MC) of compounding image. In this study, we aim to extend our preliminary findings [22] by doing an initial evaluation, via both simulations and in vivo experiments, of the effects of axial and lateral motions on HFR contrast echocardiography (CE) US, and to show the benefits of using MC, that is previously developed for MRI [23] , to enhance the image quality and reduce the artifacts.
II. MATERIAL AND METHODS

A. Ultrasound Transmission
The HFR CE imaging proposed here is defined by the compounding of PI diverging waves [11] [12] [13] [14] [15] [16] [17] . For each angle, two successive pulses in the opposite phase were transmitted, recorded and combined to form the PI image (Table I) . Moreover, because of a possible nonperfect cancellation of the fundamental component, a high pass zero phase fifth-order Butterworth filter with a cutoff frequency at 2.7 MHz was used to extract the second-harmonic signal of the PI images, both for simulation and in vivo.
B. Simulations
Imaging of single UCA is simulated in MATLAB using field II [24] , [25] and the Marmottant model [26] without considering rupture, since moderate pressures are considered for this study. The UCA mechanical parameters were matched to the SonoVue [27] and the size of each UCA randomly chosen in accordance with their experimental size distribution (Table I) [28] . Bubbles were placed 5 cm below the transducer, and the results are averaged for 1000 simulated bubbles.
C. In Vivo
An HFR CE system based on a 128-Verasonics platform (Verasonics Inc., Kirkland, WA, USA) mounted with an ATL P4-1 (Philips, Seattle, WA, USA) phased-array transducer is used during in vivo experiment. Data on a healthy human volunteer were acquired with continuous infusion 1.2 mL/min of SonoVue approved by the Imperial College Research Ethics Committee.
D. Motion Compensation
Motion was compensated using a registration framework adapted from MRI: its code is available online at [29] and based on [23] and [30] . This algorithm performs motion estimation on a b-spline grid and can therefore model rigid, affine, nonrigid, and a two stage transformation. More explanation about the motion estimation algorithms and the accuracy of the MC method employed has been evaluated in [31] for superresolution US imaging. In this work, nonrigid transformations approach is applied to register each radio frequency PI data to the central angle of the same frame.
E. Postprocessing and Analysis
To improve the signal-to-noise ratio in vivo, seven consecutive compounded images have been incoherently averaged before log compression, a method that we call SUM 7 and give a frame rate comparable to standard focus CE (∼30 Hz).
Image quality is measured by the contrast-to-tissue ratio (CTR) and by the contrast-to-acoustic-noise ratio (CANR) between the left ventricular (LV) chamber and six myocardial segments, see Fig. 2(a) . The myocardial segments are obtained using a nonrigid image registration algorithm [29] . CTR highlights the contrast ratio between the chamber and the cardiac muscle for each region of interests (ROIs), and it is a measure of our ability to remove motion artifacts. CANR also highlights the contrast difference but also the benefit of the smoothing effect by SUM7 on the images. Contrasts are averaged over all frames and defined as follows: CTR = 20 log 10 μ LVChamber μ ROIs (1)
where μ LVChamber and μ ROIs are the mean intensities in the LV chamber and in each ROIs, respectively. σ LVChamber and σ ROIs are their corresponding standard deviations.
III. RESULTS
A. Simulations
The simulations results show the variation of maximum signal intensity for UCAs moving at different velocities. Fig. 1(a) shows that the image intensity changes significantly even at modest speeds when HFR CE is used with 11 compounding angles, with a drop of up to −28.5 dB for axial speeds of 35 cm/s. It also shows that the effect is much more dramatic for velocities in the axial direction rather than the lateral one. The effect of compounding is shown in Fig. 1(b) , demonstrating how increasing the number of compounding angles to 11 is responsible for 18.7 dB of intensity loss compared to a single-angle PI transmission. 
B. In Vivo
The images in Fig. 2(a) show the acquisition made on a healthy volunteer where the motion artifacts are the dark areas in the LV chamber highlighted by the white dashed arrows. A slow-motion video without and with MC is also provided. After applying motion compensation, most of the artifacts are removed, with an intensity increases up to 10.4 dB with averaged image SUM7, and the anatomical structures such as the myocardium became more visible. The computation time for both motion estimation and correction for each compounded frame is about 71 s ± 10 s (Intel Core i7-5820 K, 4.50 GHz.).
The quantification of the improvements by MC and incoherent averaging is shown in Fig. 2(b) and(c). After MC, the improvement in CTR is at least about 3.4 dB with or without SUM7. Average improvement in CANR ranges from 1.5 to 9.6 dB, and SUM7 always gives the best CANR.
IV. DISCUSSION
This paper shows the effects of motion when imaging fast moving UCAs in deep tissue using high-frame rate (HFR) CE and PI in both simulation and in vivo. At a moderate arterial flow velocity of tens of centimeters per second in the axial direction, reductions of tens of decibel in image intensity can be observed. Moreover, the benefits of motion compensation are demonstrated in vivo by an increase of the contrast-to-noise ratio by a factor of 2.
Because the work in [14] demonstrates the high variability of the PSF for different motions under different sequences of compounding angles and, furthermore, the nonlinearity of the UCA response greatly complicates a theoretical analysis, we rely on simulations to study the impact of motion.
The effect of motion on US images for contrast pulsing sequences [4] and spatial compounding [14] has been previously studied separately. Motion during such sequences can change the PI residual signal, degrade the coherence of mainlobe signal and, also, strengthen the sidelobe signal in some region of the image [14] . By combining multipulsing sequences with spatial compounding, the results show that flow in axial direction reduced more the contrast, than in lateral direction. We further note that while the PI signal from UCAs can increase due to motion, as some energy at the fundamental frequency can tunnel through the pulse summation process, the same happens for tissue signals. At the same time, the second-harmonic energy is reduced: those two effects compete to, respectively, increase and decrease the CTR. Finally, when a second-harmonic filter is employed as in the current examples, the contribution of misaligned fundamental components is greatly reduced. Compared to the work of Viti et al. [18] , who has investigated the impact of out-of-plane motion on HFR amplitude modulation images on a flow phantom, findings suggest that the degradation due to axial flow is greater than what observed for out-of-plane flow.
On the first sight, one could assume that a lower bound for intensity reduction is given by the central limit theorem (CLT) that is by considering total decorrelation between each compounded frame. However, a bulk motion, which is common between compounded frames, will, indeed, create correlated images, and such correlation can generate intensity reductions larger than what the CLT suggests. As an example, [14, Fig. 9 ] shows an intensity reduction of −37 dB, larger than the −17.4 dB given by a total decorrelation.
The motion compensation algorithm used in this paper is not designed to work with HFR CE images but can already achieve satisfactory results. However, its application to simulation data has shown poor performances, showing that such a method is only suited for MC of dense clouds of UCAs and can potentially fail for sparse bubbles, such as the ones present in small vessels. However, the results demonstrate that such motion artifact can be corrected, although its implementation is not real time due to the iterative optimization frame work. There is already Doppler-based MC [17] which can be much faster and further studies are needed.
V. CONCLUSION
The simulations suggest that significant motion image artifacts, up to 28.5 dB of intensity drop when blood reaches an axial velocity of 35 cm/s, can be generated in HFR CE, due to PI and coherent compounding, and such artifacts are highly dependent on flow direction. Such artifact and its correction, are demonstrated in human cardiac HFR CE images.
